Recent research has suggested that serotonin, in addition to dopamine, may be involved in the development of attention deficit hyperactivity disorder (ADHD). Serotonin regulates dopaminergic neurotransmission in some areas of the brain via several 5-HT receptors including 5-HT1B. Animal studies have suggested the involvement of the 5-HT1B receptors in locomotor behaviour. For these reasons, we hypothesized that the 5-HT1B receptor gene may be a good candidate for genetic studies of ADHD. We tested for linkage disequilibrium between the 5-HT1B G861C polymorphism and ADHD in 115 families using the transmission disequilibrium test (TDT). We found evidence for a trend towards excess transmission of the 861G allele (v 2 ¼ 2.91, P ¼ 0.09) that when further analysed for parental allele transmissions exhibited significantly greater paternal transmission of the G allele (v 2 ¼ 4.80, P ¼ 0.03) to the affected child. Although preliminary, results from this study provide additional evidence that serotonin genes may be important risk factors for the development of ADHD. Molecular Psychiatry (2003) 8, 98-102. doi:10.1038/ sj.mp. 4001244 Over the last decade, the majority of research into the neurobiology of attention deficit hyperactivity disorder (ADHD) [1] [2] [3] has targeted the dopaminergic system as the main neurotransmitter responsible in the development of this common childhood disorder. Less emphasis has been placed on serotonin most likely because the dopaminergic drug methylphenidate (Ritalint) has been shown to be effective for treatment. Furthermore, results from human studies surrounding serotonin and ADHD as a clinical disorder have been inconsistent and have focused primarily on children with aggressive behaviour. [4] [5] [6] [7] [8] [9] However, it has been well established in the literature that serotonin is involved in behavioural disinhibition including aggression and impulsivity. 10 The idea that serotonin may in fact have origins in the development of ADHD has been revisited in a recent review by our group. 2 Important research supporting a serotonin theory of ADHD was found recently in a study where the hyperlocomotor activity of mice lacking the dopamine transporter (DAT) protein was normalized after treatment with methylphenidate (Ritalint) and serotonergic drugs. 1 This unexpected result, not observed in the wild-type mice, occurred in the absence of any change in dopamine levels. It was concluded that serotonin must be responsible for mediating the hyperactive behaviour in these mice and perhaps a similar mechanism may be occurring in individuals with ADHD.
It is well accepted that dopamine and serotonin do not operate in the brain on a mutually exclusive basis but rather are closely interconnected and exert regulatory control over each other.
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This fact strengthens the argument that serotonin, in addition to dopamine, most likely is involved in the development of ADHD. The 5HT1B receptor may alter dopamine and other neurotransmitters in complex ways because it functions both presynaptically as a 5-HT autoreceptor as well as postsynaptically. 12 In addition, there is evidence indicating that 5-HT1B also functions as a heteroreceptor, whereby it modulates neurotransmitter release on non-5-HT nerve terminals. 12 Recently, we found an association between the 5-HT2A His 452 Tyr polymorphism and ADHD whereby affected children inherited the rarer Tyr allele significantly more often than the His allele from heterozygous parents. 3 Interestingly, this variant was shown to alter 5-HT2A receptor function in platelets, reducing the magnitude and timing of intracellular calcium mobilization. 13 This may reflect central serotonergic function whereby individuals possessing the Tyr form of 5-HT2A exhibit a depression of postsynaptic signalling due to receptor desensitization.
Various research groups are using transgenic and 'knock-out' mice to delineate the relevance of the different serotonergic receptors towards behaviour. Mice lacking the 5-HT1B receptor were shown to have higher alcohol and cocaine acquisition, aggression and motor impulsivity. demonstrated that treating mice with the 5-HT1B agonist, RU 24969, caused an increase in motor activity in wild-type mice yet had no effect on the activity of 5-HT1B knock-out mice. 16 These results suggested that the 5-HT1B receptors were responsible for the locomotor effects of this agonist. Building on the evidence that 5-HT1B receptors mediate motor activity as seen in the knock-out mice studies, it is also recognized that serotonin's regulatory control over dopamine neurotransmission is mediated in part by the 5-HT1B receptors. For example, Sarhan and colleagues demonstrated that 5-HT1B heteroreceptors played an inhibitory role in dopamine release in rat striatum, 17 whereas other studies have demonstrated that 5-HT1B receptors facilitate DA release in rat striatum, 18 nucleus accumbens 19 and prefrontal cortex. 20 Because serotonin modulates dopamine activity through its various receptors including 5-HT1B, these receptors can have an influence on dopaminemediated behaviours, relevant to those seen in children with ADHD. Similar to the 5-HT2A receptors that exhibit regulatory control over DA neurotransmission, a defective 5-HT1B receptor may cause an imbalance between the serotonin-dopamine dynamic in the brain leading to clinical symptoms.
The intronless HTR1B gene (previously known as 5-HT1Db), localized to chromosome 6q13, contains a silent G861C substitution 21, 22 as well as four additional polymorphisms including an amino acid substitution (Phe 124 Cys), two synonymous substitutions (G-511T, T-261G), and a 2 bp deletion in the 5 0 flanking region. 23 Most recently, Huang et al 24 discovered a new silent C129T polymorphism in the coding region that was in complete linkage disequilibrium with G861C. Based on evidence in the literature suggesting that 5-HT1B receptors play a role in impulsive behaviour and motor activity, we hypothesized that the HTR1B gene is an interesting candidate for genetic studies of ADHD.
Using the transmission disequilibrium test (TDT) we assessed for linkage disequilibrium between HTR1B G861C and ADHD (Table 1) . We studied 115 families including a total of 143 children who met DSM-IV criteria for ADHD. In all, 57 of the children met criteria for the ADHD combined type (CT), 19% were hyperactive/impulsive type (HIT), and 24% were the primarily inattentive type (PIT). Furthermore, 39% of the children were also diagnosed with oppositional defiant disorder (ODD), and 11% with conduct disorder (CD). Genotype data were available for both parents in 93 families, and 22 families had genotype data available from one parent. Allele frequencies were in accordance with previous studies and did not deviate from Hardy-Weinberg equilibrium.
TDT results for the HTR1B G861C polymorphism revealed a trend towards preferential transmission of the 861G allele to the affected child, but this result was not statistically significant (w 2 ¼ 2.91, 1 df, P ¼ 0.088). Of 88 informative transmissions the G allele was passed 52 times to the affected child, whereas the C allele was passed 36 times. Both the G-511T and the Phe 124 Cys were not sufficiently polymorphic in the present sample for analysis. All individuals were homozygous for the À511G allele and only three individuals were Phe 124 Cys heterozygotes. Therefore, these polymorphisms were not analysed using the TDT.
Hawi et al (personal communication) also found evidence for significant excess transmission of the HTR1B 861G allele in a multi-centre sample including 190 heterozygous parents using both haplotype relative risk (HRR) and TDT analyses. Upon pooling their present sample with the UK and Irish multi-centre sample, Hawi et al found even stronger evidence for an association of the HTR1B 861G allele and ADHD using the TDT. Taken together, these results are the first to implicate the HTR1B gene in ADHD.
Given evidence in the literature 25 suggesting a parent of origin effect on chromosome 6q27 an additional TDT analysis assessing maternal vs paternal allele transmission was conducted. Results from this analysis revealed evidence for significant excess paternal but not maternal transmission of the HTR1B 861G allele to the affected offspring (w 2 ¼ 4.80, 1 df, P ¼ 0.028). The trend towards significant transmission of the 861G allele may solely be a reflection of allele transmissions from the father; however, these results should be interpreted with caution as dividing the paternal vs maternal transmissions reduces the sample size. Although a mechanism for a putative parent of origin effect has not been determined at this stage, one can hypothesize the possibility of genomic imprinting at or near this locus influencing the tissuespecific expression of this gene. This would need to be determined empirically by examining differences in gene expression between maternal vs paternal alleles at this locus. It appears that the HTR1B polymorphism may not be of functional significance, since both alleles code for the amino acid valine; however, there is the possibility that G861C may be in linkage disequilibrium with a functional variant. A recent study found that the 861G allele was associated with 20% fewer receptor binding sites than 861C. 24 A defective receptor or decreased expression of these receptors could result in a dysfunction in serotonin neurotransmission, which is consistent with the hypothesis that abnormal 5-HT levels influence behaviour, particularly impulsivity.
In conclusion, the results from the present study suggest that the 5-HT1B gene may be a risk factor in the development of ADHD. A larger sample size may provide more power to detect a stronger association of the HTR1B gene in ADHD. Furthermore, serotonin's regulatory control over dopaminergic neurotransmission is an important fact contributing to the hypothesis that serotonin may be responsible to some degree in mediating ADHD behaviour particularly the hyperactive and impulsive components of the disorder. It is important to emphasize, however, that the results from the present study are preliminary and a replication study in an independent sample would be valuable to support our results suggesting the involvement of the HTR1B receptor gene in ADHD.
Methods

Subjects
Children between the ages of 7 and 16 years were referred to the Hospital for Sick Children in Toronto, Ontario, for the clinical assessment of attention, behaviour, and learning problems. The genetic study sample was comprised of 115 families, 24 of which contained one affected sibling in addition to the proband and two of which had two affected siblings in addition to the proband. This gave a total sample of 143 children who met DSM-IV criteria for ADHD, 112 males and 31 females. The majority of the families reported their ethnic background to be of European Caucasian decent. Six per cent of families were of mixed or non-Caucasian background including African Canadian and Native Canadian. All participants gave informed written consent and the protocol was approved by the Hospital Research Ethics Board.
Diagnostic instruments
Based on semistructure interview, ADHD symptoms were assessed both at home and at school using the parent interview for child symptoms-revised for DSM-IV (PICS-IV) 26 and teacher telephone interview-revised for DSM-IV (TTI-IV). 27 Interviewers were experienced in child psychology and were trained to a criterion of 95% agreement. The PICS is a semistructure interview that covers child development and current behaviour with a particular focus on symptoms of ADHD, oppositional defiant disorder (ODD), anxiety, mood disorder (MD), and conduct disorder (CD). The PICS was modelled on the schedule for affective disorder and schizophrenia for school-aged children: epidemiologic version (Kiddie-SADS-E) with the addition of extra probes for DSM-IV diagnostic criteria for ADHD. These probes obtain a description of the child's behaviour in various situations: at play (outdoors, indoors, alone, with friends, with parents), at mealtime, in stores, and while watching television. The semistructured format and systematic probes afford an opportunity for parents to describe their child's behaviour in detail. Using systematic anchor points and criteria for disability and severity, clinicians are able to establish the presence of a disorder independent as much as possible from informants' biases. The PICS affords establishment of good rapport with parents and allows for assessment to be conducted in the context of parent's 'tolerance' for disturbance and situational specificity of symptoms. Although family history of psychiatric, emotional, and learning problems was included in the PICS, no assessment of ADHD was made in the parents. Previous research indicated that inter-rater reliability for the PICS was very high (100% for ADHD, ODD, and CD diagnoses). 28 The PICS reliability was checked most recently in 48 cases using videotapes of interview observed by a second rater blind to the result of the first interview. Kappa for the ADHD diagnosis was 0.78 (Schachar et al, 2000 , unpublished data) and interclass correlation of continuously rated ADHD symptoms was 0.95. Furthermore, previous research has indicated that the PICS has a high degree of predictive validity with respect to cognitive deficit. 28 The TTI follows the same basic format as the PICS interview, covering ADHD, ODD, and CD symptoms in detail and screens for other disorders. Reliability was assessed by making audiotapes of 23 teacher interviews and was found to be very good; k ¼ 0.76 for ADHD and ODD and k ¼ 0.83 for CD. 28 The TTI is the best developed interview instrument for assessing ADHD symptoms in the school setting. Such an instrument is important given the situational variation in ADHD symptoms.
Children were included in the study based on best estimate diagnosis for one of the three DSM-IV ADHD subtypes (inattentive, hyperactive/impulsive, combined) based on the information from the questionnaires, PICS and TTI interviews, and child assessment. Children were excluded if they scored below 80 on both the Performance and Verbal Scales of the WISC-III, had evidence of neurological or complex medical illness, Tourette syndrome, chronic multiple tics, bipolar affective disorder, psychotic symptoms, or development disorder. Children were medication free for 24 h when assessed.
Genotyping
Standard high salt extraction methods were used to isolate DNA from whole blood lymphocytes. Using a modified protocol of Lappalainen et al 22 a 25 ml PCR reaction mixture containing 150 ng of genomic DNA, 0.6 mM each of forward 5 0 -GAA ACA GAC GCC CAA CAG GAC-3 0 and reverse 5 0 -CCA GAA ACC GCG AAA GAA GAT-3 0 primers, 1X PCR buffer (10 mM Tris-HCl, 50 mM KCl), 1 mM MgCl 2, 0.2 mM dNTPs, and 1 U Taq polymerase was used to amplify a product containing the HTR1B G861C substitution. PCR conditions consisted of an initial 3-min denaturation followed by 30 cycles of a 30 s denaturation at 951C, 30 s annealing at 571C, and a 30 s extension at 721C ending with a final 7-min extension at 721C. The 548 bp amplified fragment was digested with HincII at 371C overnight and subsequently electrophoresed on a 2.5% agarose gel at 100 V for 1 h. The presence of the HTR1B 861C allele yielded two fragments of 452 and 96 bp while the presence of the HTR1B 861C allele yielded three fragments of 142, 310 and 96 bp.
The HTR1B Phe 124 Cys and G-511T polymorphisms were amplified using a modified protocol of Nothen et al. 23 The 25 ml reaction consisted of 150 ng DNA, 0.8 mM of primers, 1X PCR buffer, 1.5 mM MgCl 2 , 0.2 mM dNTPs, 0.01% gelatin, and 1 U Taq polymerase. Cycling conditions consisted of a 5 min initial denaturation at 941C followed by 35 cycles of a 30 s denaturation at 941C, 30 s annealing at 621C, and a 30 s extension at 721C ending with a final 10 min extension at 721C. In the case of the Phe 124 Cys polymorphism, the 258 bp amplified product was digested with NheI at 371C overnight which yielded the single uncut fragment in the case of the 124 Phe allele or two fragments of 238 and 20 bp in the case of the 124 Cys allele after electrophoresis on a 2.5% agarose gel at 100 V for 1 h. The 235 bp amplified product of the G-511T polymorphism was digested with BsmI at 651C for 4 h to yield the single uncut fragment in the presence of the T allele or two fragments of 144 bp and 91 in the presence of the G allele.
Statistical methods
Statistical analysis was performed using the extended transmission disequilibrium program (ETDT version 1.8). 29 The TDT was used to assess for nonrandomtransmission of alleles from heterozygous parents to affected offspring by comparing the frequency of transmitted alleles to the frequency of nontransmitted alleles. We used an option of the ETDT program to determine maternal vs paternal transmission.
